Abstract TaiMed Biologics is developing ibalizumab (Trogarzo TM , ibalizumab-uiyk)-a humanised IgG4 monoclonal antibody-as a treatment for HIV-1 infection. Ibalizumab blocks HIV entry into CD4 cells while preserving normal immunological function and is the first CD4-directed post-attachment HIV-1 inhibitor and the first humanised monoclonal antibody for the treatment of HIV/ AIDS. This article summarizes the milestones in the development of ibalizumab leading to this first approval in HIV-1 treatment.
Introduction
Ibalizumab (Trogarzo TM , ibalizumab-uiyk) is a humanised IgG4 monoclonal antibody being developed by TaiMed Biologics for the treatment of HIV-1 infection. Ibalizumab blocks HIV entry into CD4 cells without impairing normal immunological function. The drug is the first CD4-directed post-attachment HIV-1 inhibitor and the first humanised monoclonal antibody for the treatment of HIV/AIDS. Ibalizumab is approved in the USA for use as part of a combination antiretroviral regimen in heavily treatmentexperienced patients with multidrug resistant (MDR) HIV-1 infection failing their current antiretroviral regimen [1] . The recommended dose of ibalizumab is a single intravenous 2000 mg loading dose followed by an intravenous maintenance dose of 800 mg once every 2 weeks [2] .
Company Agreements
Ibalizumab was originally developed by Biogen. In the late 1990s Biogen licensed the exclusive worldwide rights to ibalizumab to Tanox Inc. In January 2007 Tanox entered into an agreement with Genentech which subsequently led to Genentech acquiring all shares in Tanox for a total cash price of & $US919 million [3] and-shortly thereafterGenentech licensing ibalizumab to TaiMed Biologics (TaiMed). In August 2012 TaiMed contracted WuXi PharmaTech to manufacture ibalizumab in support of phase II and III clinical trials [4] . In March 2016 TaiMed entered into a 12-year collaboration agreement with Theratechnologies for the latter to market and distribute ibalizumab in the US and Canada. Theratechnologies made a $US1 million cash payment to TaiMed upon signing the agreement and will pay a further $US1 million as shares at the commercial launch. TaiMed may also receive a further conditional $US8.5 million payment at commercial launch, as well as various milestone payments [5] . In March 2017 this agreement was amended to grant Theratechnologies commercialisation rights for ibalizumab in the EU, Israel, Norway, Russia and Switzerland for a 12-year term following regulatory approval on a country-by-country basis, subject to further upfront and milestone payments.
Patent Information
The patents for ibalizumab expired in Europe, Canada, and Australia in 2011, and expired in the US (US-05871732) in 2016, subject to extensions; with orphan drug status in the US, ibalizumab has an extended period of exclusivity through to 2025 [6] . The patent application in Japan is still pending. Ibalizumab is described and claimed in WO-09209305.
Scientific Summary

Pharmacodynamics
Ibalizumab binds to domain 2 of the CD4 receptor on the surface opposite both the major histocompatibility complex-class II binding site and the gp120 binding site [7, 8] .
The baseline in vitro susceptibility of HIV to ibalizumab was determined in isolates from 38 of 40 heavily pretreated patients with multidrug resistant HIV-1 entering in the phase III TMB-301 clinical trial. Mean ibalizumab maximum percent inhibition (MPI) of viral replication was 91% overall, and 90-100% against 27 isolates, 80 to 90% against 6 and \ 80% against 5. The overall mean fold change in the concentration of drug required to inhibit 50% of the MPI (IC halfmax fold change) [ fold change values of 0.7 to 1.4 against 5 of 6 isolates with reduced susceptibility to enfuvirtide at screening; one isolate with reduced susceptibility to enfuvirtide at screening also had reduced susceptibility to ibalizumab (MPI 41%, IC halfmax fold change 6.2). Ibalizumab had MPI values of 94 and 100% against two isolates exhibiting CCR5-dependent replication with reduced susceptibility to maraviroc (MPI 58 and 0%) [9] .
The in vitro activity of ibalizumab has also been assessed against a panel of 116 Tier-2 Env-pseudotyped viruses selected to represent envelope diversity by geography, clade, tropism, and stage of infection, including 30 transmitted/founder viruses. Ibalizumab achieved 50 and 80% inhibition of infection in 92 and 65% of these HIV strains, respectively. The median half maximal inhibitory concentration of ibalizumab (0.03 mg/ml) was an order of magnitude lower than those of the HIV-neutralizing monoclonal antibodies PG9 (0.11 mg/ml), and VRC01 (0.22 mg/ml), and two orders of magnitude lower than those of 4E10, 2F5, 2G12 and b12. Analyses of gp160 sequence polymorphism revealed the predominant determinant of resistance to ibalizumab was the absence of a potential asparagine (N)-linked glycosylation site (PNGS) at the variable region (V5) N-terminus. Other independent correlates of resistance were PNGS at position 386 and the side chain length of residue 375. Ibalizumab exhibited complementary resistance to VRC01 and sCD4 which was partly mediated by the V5 PNGS [7] . Loss of V5 PNGS was also associated with resistance to ibalizumab in HIV-1 isolates from patients (n = 14) participating in a phase Ib study [10] .
Pharmacokinetics
The pharmacokinetic properties of intravenous ibalizumab have been investigated in an open-label, randomized phase Ib study in patients with HIV-1 infection [11] . Patients were randomised to intravenous ibalizumab 10 mg/kg on day 1 then once weekly for 9 weeks (n = 9) or 10 mg/kg on day one then 6 mg/kg at weeks 1, 3, 5, 7 or 9 (n = 10). A further three (non-randomised) patients received ibalizumab 25 mg/kg on day 1 and weeks 2, 4, 6, and 8. C max Key milestones in the development of ibalizumab and AUC all were 402 lg/ml and 3604 lg Á day/ml, respectively, in the 10 mg/kg group and 564 lg/ml and 4941 lg Á day/ml, respectively, in the 25 mg/kg group. The elimination half-life was 3.3 and 3.1 days in the 10 and 25 mg/kg groups, respectively, volume of distribution at steady state 44 and 50 ml/kg, respectively, and steady state clearance 5.7 and 8.8 ml/day/kg, respectively. Trough ibalizumab serum concentrations were 48, 31 and 96 lg/ml in the 10 mg/kg, 10/6 mg/kg and 25 mg/kg groups respectively prior to week 1 infusion, and 138, 0.2 and 96 lg/ml, respectively, prior to the final dose. Considerable (110%) variability in serum drug concentrations was evident later in the dosing period among the three patients who received ibalizumab 25 mg/kg [11] .
When administered as recommended (an initial 2,000 mg loading dose then 800 mg once every 2 weeks), ibalizumab concentrations reached steady-state levels after the first 800 mg maintenance dose with mean concentrations [ 30 lg/ml throughout the dosing interval [2] . T cell count were 4.6 log 10 (18% baseline viral load C 100,000 copies/ml) and 73 cells/ll, respectively, at baseline. Resistance to C 3 and 4 antiretroviral drug classes was present in 53 and 35% of patients, respectively, and 13% of patients had HIV-1 resistant to all approved antiretroviral agents. Patients received intravenous ibalizumab at an initial dose of 2000 mg then 800 mg once every two weeks, plus an optimised background regimen, for 24 weeks. Seven days following the initial 2000 mg ibalizumab-loading dose, 33 patients (83%) experienced a C 0.5 log10 decrease in HIV RNA, whereas 1 patient (3%) experienced a C 0.5 log10 decrease in HIV RNA during Control period (p \ 0.0001) [12] . Mean viral load was reduced by 1.6 log 10 from baseline to week 24 (intention to treat-missing equals failure analysis) in patients receiving ibalizumab. Reductions in viral load of C 1 log 10 and C 2 log 10 occurred in 55 and 48% of patients, respectively, and 43 and 50% of patients had a viral load \ 50 and \ 200 HIV RNA copies/ml, respectively [13] .
Of patients who completed study TMB-301 (n = 31), only patients from US and Puerto Rico were eligible to enter study TMB-311 (NCT02707861), where they continued to receive ibalizumab 800 mg once every two weeks for up to 48 weeks. This study enrolled 27 patients of whom 59 and 33% had HIV-1 infection resistant to C 3 and C 4 antiretroviral classes, respectively. 7% of patents had HIV-1 resistant to all approved antiretroviral classes. 24 patients received treatment until week 48. The median reduction in viral load from baseline in these 27 patients was 2.5 log 10 at both week 24 and 48. 16 (59%) and 17 (63%) patients had a viral load of\ 50 and \ 200 HIV RNA copies/ml, respectively. All patients with a viral load of \ 50 copies/ml at week 24 (n = 15) maintained viral suppression to week 48 [14] . Immunoglobulin G4, anti-(human CD4 (antigen)) (human-mouse monoclonal 5A8 c4-chain), disulphide with human-mouse monoclonal 5A8 j-chain, dimer documented resistance to at least 1 NRTI, 1 NNRTI and 1 PI were randomised to treatment with an optimized background antiretroviral regimen plus intravenous ibalizumab 800 mg once every 2 weeks (n = 59) or 2000 mg once every 4 weeks (n = 54). The primary endpoint was the proportion of patients with viral load \ 50 copies/ml at week 24. 44 and 28% of patients, respectively, had a viral load of\50 copies/ml and 53 and 43%, respectively, had a viral load of \ 200 copies/ml at week 24. The median reduction in viral load from baseline to week 24 was 1.6 and 1.5 log 10 in ibalizumab 800 and 2000 mg recipients, respectively [15] .
Adverse Events
The most common adverse reactions (all grades) reported in C 5% of the 40 patients who participated in trial TMB-301 were diarrhoea (8%), dizziness (8%), nausea (5%), and rash (5%). 90% of adverse reactions reported were mild or moderate in severity. Drug-related severe adverse reactions were observed in two patients; one developed a severe rash and the other developed immune reconstitution inflammatory syndrome manifesting as an exacerbation of progressive multifocal leukoencephalopathy [2] . Laboratory abnormalities C grade 3 reported in trial TMB-301 included bilirubin C 2.6 times the upper limit of normal (ULN) [5%], direct bilirubin [ ULN (3%), creatinine [ 1.8 times ULN or 1.5 times baseline (10%), blood glucose [ 250 mg/dl (3%), lipase [3.0 times ULN (5%), uric acid [ 12 mg/dl (3%), haemoglobin \ 8.5 g/dl (3%), platelets \ 50000/mm 3 (3%), leukocytes \ 1.5 9 10 9 -cells/l (5%) and neutrophils \ 0.6 9 10 9 cells/l (5%) [2] . As with all therapeutic proteins, there is potential for ibalizumab to cause immunogenicity. Among patients enrolled in trials TMB-301 and TMB-202, one developed low titre anti-ibalizumab antibodies. No adverse reactions or reduced efficacy was attributed to the positive sample observed in this patient [2] .
Ongoing Clinical Trials
The Expanded Access Program for ibalizumab in resistant HIV-1 infection is ongoing and enrolling patients (TMB-311; NCT02707861).
Current Status
Ibalizumab received its first global approval on 6 March 2018 in the US for the treatment of heavily treatmentexperienced patients with multidrug resistant HIV-1 infection in combination with other antiretroviral medicines.
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